Background and aims: Active Crohn's disease affects intestine but may alter other locations as eyes vasculature. Previous studies provide evidence of elevated blood flow velocities (BFv) and volume (BFV) in superior mesenteric artery (SMA). We prospectively studied hemodynamics in feeding arteries of bowel and eyes before and 2 weeks after treatment induction with anti-TNFα. Methods: Fifteen patients (5 females, 10 males, 35.4 ± 9.0 years, mean ± SD) with active Crohn's disease for 7.5 ± 7.7 years were enrolled. Ultrasound imaging was performed before and 2 weeks after treatment in SMA and retrobulbar arteries: central retinal (CRA), temporal posterior ciliary (TPCA) and ophthalmic (OA) arteries. Serum markers of inflammation (CRP and fibrinogen), arterial blood pressures (ABP) and skin flow-mediated dilation (sFMD) were measured and patients were compared to 10 control age-and sex-matched subjects. Results: Before treatment, CRP and fibrinogen plasma concentrations, SMA BFV (339 ± 100 mL/min) were higher in patients than in controls by 8.5-fold (p b 0.001), 1.4-fold (p b 0.01) and 1.5-fold, respectively (p b 0.01). BFv in CRA (3.5 ± 0.7 cm/s) and TPCA (4.4 ± 1.0 cm/s), sFMD (371 ± 469%) were significantly lower than in controls by 83%, 73% and 52% respectively (p b 0.05). Two weeks after treatment, CRP and fibrinogen decreased, SMA BFV was normalized (230 ± 39 L/min, p b 0.01), BFv in CRA, TPCA and OA increased respectively to 4.0 ± 1.1 (p b 0.05), 5.2 ± 1.4 (p b 0.001), 8.9 ± 3 cm/s (p b 0.05). ABP and sFMD remained unchanged.
Introduction
Several arguments suggest a role of the blood vessels in the pathogenesis of Crohn's disease. 1 Vascular lesions consist in granulomatous vasculitis within the submucosal vascular plexus leading to microvascular thrombosis, submucosal ischemia and neovascularisation. [2] [3] [4] [5] [6] These morphological microvascular changes are associated with alterations of the mesenteric vascular blood supply and with impaired splanchnic hemodynamics. [2] [3] [4] Ischemia in the submucosa may result in the opening of small collateral shunts bypassing segments of microvascular occlusion and this may increase the blood flows in the splanchnic arteries. 1 The bowel wall ischemia may be favored by several cytokines including the vasoconstrictor and platelet-activating inducer endothelin-1, the granulomatous inflammation and procoagulant inductor and inflammatory cell chemo-attractor Tumor Necrosis Factor (TNFα). 7, 8 Moreover, protective effects of nitric oxide (NO) such as vasodilation, microvascular permeability reduction, platelet and neutrophil adhesion inhibition are lost in Crohn's disease, because NO metabolism is derived towards free radical generation by stimulation of the inducible nitric oxide synthetase leading to endothelial dysfunction. 9 In recent years, ultrasound (US) Doppler imaging has been found to be increasingly useful for the investigation of splanchnic hemodynamics in Crohn's disease. [10] [11] [12] [13] It is not invasive, accurate and reproducible, avoids exposure to radiation, and can be easily repeated. Ultrasound studies include either measurements of fasting or postprandial superior mesenteric artery (SMA) blood flow volume or evaluation of the bowel wall thickness and its vascular pattern. 14 SMA blood flow volume level has been found correlated closely with clinical activity assessed with the Crohn's disease activity index (CDAI) and with biological markers of inflammatory disease activity as C reactive protein. 10, 15 Ultrasound imaging is easy to use with endoscopy and inflammatory markers to assess of the effects of treatments especially biological anti-TNFα therapy. 14 Monoclonal antibodies to Tumor Necrosis Factor (anti-TNFα) drugs provided major advances in the medical treatment of Crohn's disease as well as other inflammatory diseases sometimes associated with ocular inflammatory lesions. 16, 17 Improvements of biological and clinical markers have been described in response to steroids and to thiopurines but never to anti-TNFα agents which have a rapid and intense antiinflammatory effect in Crohn's disease. Our goal was here to evaluate the early impact of a first anti-TNFα treatment in patients with Crohn's disease assessed by the evaluation of the hemodynamic changes in the superior mesenteric artery as well as in the clinical-biological responses. We also wondered whether endothelial function as well as hemodynamics in the retrobulbar arteries of the eye could be improved. We thus evaluated the flow-mediated vasodilation by noninvasive laser Doppler flowmetry (LDF) measurements in the skin microcirculation in response to a local transdermal iontophoretic application of acetylcholine. We thus measured by ultrasound imaging the blood flow changes in the superior mesenteric artery, the ophthalmic, ciliary and central retinal arteries, in patients with active Crohn's disease, before and 2 weeks after induction of treatment with anti-TNFα drugs.
Materials and methods

Patients and healthy controls
Fifteen patients (5 females, 10 males) aged from 34.9 ± 9.1 years (mean ± SD [min-max]) with active Crohn's disease from 5.1 ± 4.9 [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] years were recruited for a prospective study consisting in systemic and local vascular supply hemodynamic parameter collections before and 2 weeks after a single monoclonal antibody anti-TNFα treatment (infliximab or adalimumab), i.e. just before the second administration. Disease activity was assessed using the Crohn's disease activity index (CDAI); active disease. 18 Disease was located at ileum in 6 patients, at colon in 5, at ileocolon in 2. Two patients presented anoperineal lesions only at the moment of the exploration but they both presented previous ileocolon location. Moreover, one patient presented a latter ileocolon location 2 years after the study (Table 1) . Two patients had to be excluded from superior mesenteric artery (SMA) data collection because of unsatisfactory visualization of the artery after treatment but their measurements from retrobulbar arteries were conserved for data collection. Two patients presented associated spondylarthropathy, 5 were smokers. All patients were naïve from anti-TNFα treatment and associated treatments were oral corticoids for 8, budesonide for 3 and thiopurine for 3. A complete cardiovascular examination was performed with body mass index calculation and resting arterial blood pressure measurements (blood pressure monitor, Colin Corporation, Komaki-city, Japan). Fasting serum lipids, glucose, total plasmatic protein, fibrinogen, C reactive protein, hematocrit, and platelets count were determined using standard laboratory assays procedures. History of familial or individual gastroenteric and cardiovascular or ophthalmic disease and treatments were collected for each participant (Table 1) . Patients were compared to 10 healthy controls age and sex-matched. Informed written consent was obtained from each patient prior to the examination, and the ethical guidelines of the 1975 declaration of Helsinki were followed throughout.
2.2. Ultrasound study 2.2.1. Superior mesenteric artery ultrasound imaging Ultrasound imaging was performed at rest in both patients and normal controls in 45°seat position after an overnight fast using an echograph ANTARES (Siemens, Erlangen, Germany) equipped with a linear transducer type CH4-1 (3.5 MHz). The superior mesenteric artery (SMA) was studied in its long axis in the sagittal plane. Color-coded Doppler was activated for digestive arteries recognition in front of the aorta. M-mode was activated for measurement of systolic and diastolic diameters of the inner wall of the SMA. Steer mode was used to ensure measurement of diameters strictly perpendicular to the longitudinal axis of the artery. Pulsed Doppler was activated for blood flow velocity waveform acquisition 2 to 3 cm after the SMA origin but proximal to any side branches with adjustment of the sample volume to the arterial section. A cut-off filter of 100 Hz was applied to exclude possible artifacts from vessel wall motion. Great care was taken for angle correction application to calculate true velocities. The transducer was arranged for each acquisition to obtain a maximum Doppler signal and to maintain an angle of insonation below 60°. Indeed, blood flow velocity profile is parabolic in peripheral vessels, thus total displacement of blood is represented by the displacement of all the layers of blood on the arterial section, not only the highest one in the center of the arterial section but also the lower ones near the arterial wall. The spatialaverage mean velocity is representative of the mean blood displacement on all the arterial section per unit time; the spatial-average-time-averaged mean blood flow velocity is representative of the blood displacement over the wall arterial section and over time. Blood volume is calculated with Vmean-mean following the formula:
where BV is the blood volume in mL/min, Vmean-mean is the spatial-averaged-time-averaged mean blood flow velocity in cm/s, and D the SMA diameter in cm. 19 Each measurement was taken in triplicate during quiet respiration and averaged.
Retrobulbar arteries ultrasound imaging
Ultrasound imaging was performed on both eyes using an echograph ANTARES (Siemens, Erlangen, Germany) equipped with a linear transducer type VFX13.5 (13 MHz) as previously described. 20 Briefly, transducer was applied on closed eyelids without exerting pressure on the bulb. Two-dimensional ultrasound imaging was used to identify the optic nerve as a landmark. Then, color-Doppler mode was activated and retrobulbar vessels were identified, drawn and localized on the screen by their color-coded flow: central retinal artery (CRA), temporal posterior ciliary artery (TPCA) and ophthalmic artery (OA). A pulsed Doppler sample was then placed on the longitudinal axis of each vessel and pulsed Doppler spectrum recorded with simple repositioning of the pulsed Doppler sample from the CRA to the TPCA, then the OA. The angle between the Doppler beam and the long axis of each vessel was corrected to calculate actual flow velocities. Spatial-averagetime-average mean blood flow velocity (Vmean-mean) was calculated in the 3 studied arteries.
To minimize the variability of all US measurements, all investigations were performed by a single investigator (P.B.). The examiner was not blinded with respect to patient's history, but unaware of the actual clinical, endoscopic, and laboratory activity state. Intra-observer variability has been tested previously. Two series of paired measurements separated by 2 min interval performed by the same investigator were compared. The relative (positive or negative) differences (Di) within each pair of measures were calculated. The agreement between these two measurements was estimated by the mean and the standard deviation of the differences (Di). Repeatability of blood flow velocity measurements was investigated in the 20 controls through a calculation of the repeatability coefficient (RC) (British Standards Institution Precision of Test Method, i.e. according to RC 2 = ΣDi 2 /N, where N is the sample). 21 This coefficient is the standard deviation of the estimated difference between two repeated measurements. The RC values for intra-observer repeatability were 1.5 cm/s for the spatial-average-time-average mean blood flow velocity in SMA, 1.0 cm/s in the OA, 0.4 cm/s in the CRA, 0.7 cm/s, and in the TPCA.
2.2.3.
Acetylcholine-iontophoresis and laser Doppler skin blood flow for determination of the flow-mediated dilation Endothelium-dependent vasodilation of the microcirculation of the forearm skin was evaluated by acethylcholine (Ach) iontophoresis in combination with laser Doppler velocimetry (Periflux 5000 system, Perimed, Järfällä, Sweden). The drug delivery chamber was loaded with 80 μL of acetylcholine (hydrochloride salt, Sigma, Steinheim, Germany) dissolved in distilled water at 20 g/L (0.0001 mol/L). Mean laser Doppler signal, expressed in an arbitrary perfusion unit, was measured under basal conditions (4 min), after iontophoresis of 3 Ach doses (3 × 2 min, endothelium-dependent response) and after heat hyperemia (5 min, endothelium-independent response). Ach was delivered with an anodal current (0.1 mA for 10 s) at 2-min intervals. Hyperemia was induced using a heat probe that heated the skin to 44°C for 5 min. 
Patients did not exhibit endothelial function improvement after treatment
Patients exhibited lower maximal vasodilator responses measured by skin laser Doppler flowmetry to the acetylcholine-iontophoresis (Ach-) as well as after heat hyperemia as compared to controls ( Table 2 ). Maximal Ach-vasodilation and maximal heat hyperemia were respectively 371 ± 469 blood flow volume and CDAI before treatment (R = 0.77, p = 0.002, Fig. 1 (Table 3) . A positive linear regression was also found between SMA blood flow volume and CDAI after treatment (R= 0.71, p = 0.007, Fig. 1) . From the two patients who had only anoperineal lesions at the moment of the study, one decreased his blood flow volume from − 27% (his ileal CD was in remission at the time of anti-TNF according to MRI) and one did not present any modification.
Treatment normalized the blood flow volume in retrobulbar arteries
Spatial-average-time-average mean blood flow velocities (Vmean-mean) measured in the temporal posterior ciliary artery (TPCA) and the central retinal artery (CRA) were lower before treatment compared to healthy subjects. Ophthalmic artery (OA) did not exhibit such a difference. Velocities were increased after treatment: from 7. Fig. 2 ).
Discussion
In patients with active Crohn's disease, before a first injection of monoclonal antibody anti-TNFα therapy, blood flow velocities and volume in the superior mesenteric artery (SMA) were increased, blood flow velocities in retrobulbar arteries were decreased compared to control subjects. We evidenced here a correlation between the normalization of hemodynamics in SMA and the amendment of the inflammatory status 2 weeks after anti-TNFα therapy. Moreover, we highlight the concomitant normalization of hemodynamics in the retrobulbar arteries of eyes, particularly in central retinal and ciliary arteries.
Microvascular impairment in Crohn's disease
A high flow rate in the SMA has been repeatedly observed in active Crohn's disease as in the present study. 10, 15 Noticeable, in our series, among the 5 patients with colonic CD and without ileal lesions, 4 had these alterations in the SMA blood supply suggesting a common vascular reactivity despite different locations of the disease. A theory has also been proposed to try to conciliate this with the observation of a progressive microvascular ischemia. Several independent research groups have described the microvascular anatomy and the bowel wall microvascular pathology in the areas of the intestine affected by the disease. [23] [24] [25] Studies have consistently demonstrated a reduced microvascular volume during the acute phase progressing to obliterative arteritis with disease chronicity. 26 Micro angiographic studies have consistently demonstrated a reduced number of feeding vessels. Furthermore, those vessels often present architectural abnormalities, being tortuous and have varying caliber. Noticeably, these anatomical changes occur only in segments of involved bowel. 27 Flow is preferentially reduced in the submucosa and the muscularis propria. Mucosal blood flow is relatively preserved. 28 Blood flow volume in SMA could thus be increased consecutively to the inflammatory hyperemia in the whole bowel; concomitantly, occurrence of segmental parietal microvascular ischemia may produce focal ischemic lesions, angiogenesis, and opening of small collateral shunts.
Nitric oxide (NO) produced by endothelial cells may be involved. It has significant protective effects on mucosal integrity, reducing microvascular permeability, relaxing gastrointestinal smooth muscle and inhibiting platelet and neutrophil adhesion. 29 However, in the state of L-arginine deficiency, secondary to an excess in inducible NO synthase activity, as documented in Crohn's disease, 30 NO metabolism results in peroxynitrate production. Ischemic conditions also result in free radical production from the stable end-products of nitric oxide metabolism, nitrate and nitrite. 31 Nevertheless, while flow-mediated endothelial vasodilation was altered in our patients, we did not observe any improvement after anti-TNFα treatment which suggests the absence of impact of the endothelial function (dysfunction) on the blood flow velocities and volume changes. Endothelin-1 (ET-1) has been involved in the primary vasoconstriction attested by elevation in plasma concentration. Furthermore, endothelial ET-1 receptor expression is greatest in the submucosal plexus. It is possible that a primary increase in ET-1 endothelial receptor number or reactivity triggers the ischemic process. Interestingly, a recent study on the correlation between ET-1 and vascular endothelial growth factor (VEGF) concluded that the reciprocal reaction of these factors, both significantly raised in inflammatory bowel disease, resulted in primary vasoconstriction with secondary tissue hypoxia and tertiary angiogenesis. 32 
TNFα is involved in the pathophysiology of Crohn's disease
TNFα has many actions in Crohn's disease which could contribute to the formation of occlusive microvascular pathology even in extra intestinal territories. 33, 34 These include induction of ICAM-1 allowing the development of granulomatous inflammation, induction of the release of the endothelial procoagulant platelet activating factor (PAF), increased microvascular permeability and inflammatory cell chemo-attraction. 8, [33] [34] [35] Raised serum fibrinogen levels and thrombophilia are often present in Crohn's disease. 36 
Vascular and hemorheologic effects of anti-TNFα drugs
TNFα production can be controlled by reducing its production, by neutralizing circulating TNFα or by blocking the TNFα receptor. Receptor blockade was achieved with anti-TNFα treatments. Pharmacologic and immune blockage of TNFα inhibits its vascular and tissue effects, thus can help to fight against the local microvascular thrombosis and again its consequence, the physiological shunts bypassing of the microvascular occlusions. The therapeutic role of TNFα antagonists also supports a primary role for TNFα. Anti-TNFα has been a major progress for the treatment of Crohn's disease. 37 Animal studies have shown that anti-TNFα reduced colonic inflammation in experimentally induced colitis. 38 Chimeric mousehuman IgG TNFα antibodies have been shown in randomized placebo-controlled clinical trials to induce a clinical response greater than 60% in Crohn's disease patients. 16 
Changes in the superior mesenteric artery territory
Anti-TNFα administration was followed by a strong and early decrease in blood flow velocities and volume in the superior mesenteric artery in our patients with active Crohn's disease. This early effect must be related with the anti-inflammatory effects on the bowel wall consecutive to the inhibition of the inflammatory cascade which conducts 1) to the amendment of the inflammatory hyperemia and 2) to the restoration of the microvascular perfusion of the submucosa through the inhibition of the procoagulant and thrombotic effects of anti-TNFα drug leading to the collapse of the physiological shunts bypassing of the microvascular occlusions. Together these effects could lead to normalization of the intestinal vascular network and to the restoration of a normal blood flow supply, proportionally to the decrease in inflammation markers in accordance with previous studies. 39, 40 This is keeping with recent data showing a decrease in microvascular density in the injured bowel after anti-TNFα therapy using contrast enhanced power Doppler. 14 We chose to study the effects after just 2 weeks of anti-TNFα in order to assess very early events and cannot speculate of the further improvement which may occur somewhat later (for example after the end of the induction phase of the treatment or after 6 months).
Changes in the retrobulbar arteries
During inflammation, the decrease in perfusion of vascular networks could be related to an increase of plasma proteins with rheological relevance. Indeed, hyperfibrinogenemia increases plasma viscosity, erythrocyte aggregation, thus increases the vascular resistance in the vascular networks. 41 The monoclonal antibody anti-TNFα infliximab inhibits the pleiotropic actions of TNFα and are widely used for the treatment of rheumatoid arthritis, juvenile idiopathic arthritis, spondyloarthropathies, Crohn's disease, sarcoidosis and psoriasis with an acceptable safety profile. Up to two-thirds of patients develop ocular inflammation eventually leading to significant visual impairment. A pathogenic role of TNFα in ocular inflammatory conditions has recently emerged from small trials reporting preliminary results on the efficacy of these agents in patients with noninfectious uveitis, regardless of the origin of the disease. TNFα antagonists are useful in the treatment of ocular inflammation associated with all cited inflammatory diseases and were also beneficial in small numbers of patients with idiopathic uveitis or scleritis. The currently available data are nonrandomized and thus preliminary. However, the preliminary evidence points to a growing optimism for targeting TNFα in patients with ocular inflammation. 17, 42, 43 Anti-TNFα (infliximab) has been intravitreously injected in a model of laser-induced choroidal neovascularization. Infliximab reduces angiogenesis at low doses. 44 Moreover, anti-TNFα treatment reduced the increases in leukocyte rolling, adhesion, and vascular leakage in a rat model of inflammatory uveitis. These results suggest the involvement of TNFα in inflammatory uveitis and its potential use as a therapeutic agent in the reduction of ocular inflammation. 45 Our patients, without uveitis, without neovessels in their eyes, exhibited low blood flow velocities in all retrobulbar arteries before treatment, possibly consecutive to blood circulating TNFα. Effects of anti-TNFα restored all retrobulbar blood flow velocities in the normal ranges and could be the result of the inhibition of the first steps of the inflammatory process. Indeed, TNFα could involve an increase in microvascular resistance mediated by both microvascular constriction and raised blood viscosity consecutive to the well-known increase in platelet aggregation and in fibrinogen. 46 Anti-TNFα thus could lead to a decrease in the local microvascular resistance and to the restoration of normal blood flows in parallel to the CDAI reduction. Blood flow normalization was strongly significant in the ciliary arteries, which supply the chorioretina, composed of strongly anastomosed small vessels, the pigmentary epithelium and the sclera, and in the central retinal artery which supplies the internal layer of the retina.
Conclusions
In patients with active Crohn's disease, we evidenced a correlation between the normalization of hemodynamics in the superior mesenteric artery and the amendment of the inflammatory status 2 weeks after a first injection of monoclonal antibody anti-TNFα therapy. This finding could be related to the amendment of the inflammatory hyperemia in the bowel and to the normalization of the intestinal vascular network. Moreover, we highlight the concomitant normalization of hemodynamics in all the retrobulbar arteries of eyes. This finding was not related here with an improvement in flow-mediated dilation but could proceed from the normalization in hemorheologic properties of blood leading to the normalization of hemodynamic resistance and blood flows in the extra intestinal vascular networks, particularly in the eyes.
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